Abstract Identification and characterization of viable culturable bacteria (VCB) associated with soils from Africa and the Americas are significant for environmental and battlefield security. Such analyses are scarce, and their evaluation using traditional microbiological methods does not fully elucidate the structure and chemotaxonomic characteristics of the microbial community. In this study, matrix-assisted laser desorption time of flight mass spectrometry (MALDI-TOF MS), spectrometry in addition to 16S rRNA sequencing, and diversity indices were employed to characterize VCB and their associated biomarkers. Nineteen genera were identified across all sample locations, but only four (Bacillus, Brevibacillus, Paenibacillus, and Terribacillus) confirmed by ClustalW2 as being 98-99 % similar among locations. Further evaluation of soils showed bacterial diversity (H) of (1.0-8.4), evenness (E H ), (0.14-0.72), similarity (Sj), (0.0-0.38), and cfu/g soil (2.5 9 10 1 -2.2 9 10 7 ). Analysis of representative bacteria using MALDI-TOF MS identified biomarkers for the genera Bacillus at m/z 6,778 (75 %), 9,437 (100 %); Brevibacillus, m/z 7,381 (86 %); Paenibacillus, 5,473 (63 %); and Terribacillus, 4,517, 6,532, 7,574 (67 %). Peptide mass fingerprinting of biomarkers identified partial peptide maps for several potential virulence factors such as hemagglutinin from a Brevibacillus spp. The data indicate an east (Sudan) to west (Jamaica; Mexico; Washington, DC; Baltimore) trend of potentially pathogenic endospore-forming bacteria.
Introduction
The translocation of Saharan soil westward into the Americas has been occurring prior to 1832, the point of earliest collection for 'Darwin's dust' (Gorbushina et al. 2007 ). According to McTainsh et al. (1997) , this translocation may be associated with the Bilma-Faya Largeau area of Lake Chad (October to April), the Niger Delta in Mali (May to September), and other natural phenomena such as North Atlantic Oscillation (NAO) and El Nino Southern Oscillation (ENSO). A conservative estimate for the annual quantity of desert soil transported is approximately two billion metric tons, moving an estimated two quadrillion microorganisms (&10 9 /gram topsoil), which include bacteria (diversity, &10, 000), viruses, fungi, and their biologically natural constituents/metabolites such as mycotoxins, endotoxins, and macrolides (Griffin et al. 2002 Garrison et al. 2003; Prospero et al. 2005 ; Kellogg and Griffin 2006; González-Toril et al. 2009 ). Previous research, to include that from the National Institute of Allergy and Infectious Diseases (NIAID), indicates that desert soil exposure may be associated with increased risk of respiratory diseases such as asthma, as well as various plant and animal diseases (Prospero 1999; Howitt 2000; Monteil et al. 2000; Kanatani et al. 2010; Cook et al. 2005; Sing and Sing 2010) . For example, bacteria such as Staphylococcus xylosus and Neisseria meningitidis have been implicated as the cause of septicemia in a loggerhead turtle (Caretta caretta) off the Canary islands and meningitis in Nigeria respectively (Torrent et al. 2004 ). Previous analysis of air samples, using conventional methods, from the Caribbean identified the dominant genera Microbacterium (14.4 %), Sphingomonas (7.2 %), Bacillus (6.5 %), and Streptomyces, 4.0 % (Griffin et al. 2002) . Similarly, dust samples collected in Mali, West Africa, identified twenty genera which include Bacillus (38 %), Kocuria (12.8 %), Planococcus (8.5 %), Saccharococcus (7.4 %), and 6.4 % for Micrococcus (Kellogg et al. 2004) .
Given the potential impact of these and other pathogens on public health, efforts are required for the evaluation of not only air, but more importantly soil samples from sub-Saharan Africa and downwind locations such as the Americas (De Longueville et al. 2010; Leski et al. 2011) . The analyses of bacteria in aerobiological samples from these locations have historically been ascertained using 16S rRNA sequencing, microscopy, and phenotypic assays. Although these methods provide valuable culture information, they also possess several limitations, such as, incomplete chemotaxonomic profiles for isolates, primarily designed for clinical isolates, increased time-to-results (48-72 h), and cost/sample at &US$18.0 (Seng et al. 2009 ). Therefore, the need for rapid, cost-effective, and supportive methods for screening and/or identifying bacteria cannot be overemphasized. One method now gaining attention for its robustness is matrix-assisted laser desorption time of flight mass spectrometry (MALDI-TOF MS). The advantages offered by MALDI-TOF MS include soft ionization (nondestructive sampling), measurement of [200 kDa masses, cost-effectiveness (US$2/sample), the generation of monoisotopic peaks, and minimum time (6-8.5 min) for sample processing and analysis (Cordwell et al. 1995; Haag et al. 1998; Arnold and Reilly 1998; Ruelle et al. 2004; Liu et al. 2007 ). Furthermore, MALDI-TOF MS has an overall greater accuracy (95-100 %) compared to the other methods (Nagy et al. 2009; Seng et al. 2009; Bessède et al. 2011; Bengali et al. 2011) .
MALDI-TOF MS of whole bacterial cells can provide characteristic fingerprints (protein biomarkers) that can be used, in conjunction with a fingerprint-statistical-based or a proteomics approach to identify bacteria and fungi (Moura et al. 2003) . This approach requires an extensive database of known organisms, which is used to match the unknown isolate, provide a matching score based on identified mass to charge ratios (m/z) and their intensity correlation. However, in the absence of such a database, the m/z of unknowns can be compared with type cultures by visual inspection, since spectra from identical isolates are similar but rarely identical (Lay 2001) . Nevertheless, a single analysis of global biomarkers could provide intact genetic information which include antibiotic resistance, microbial community structures, environmental conditions, and elucidate close phylogenetic associations among closely related bacteria.
In this study, 16S rRNA sequencing, diversity indices, and matrix-assisted laser desorption time of flight mass spectrometry (MALDI-TOF MS) were employed to evaluate viable culturable bacteria, their associated protein biomarkers, and their potential for transfer among nine locations. (Fig. 1) . About 25-g subsurface soil (6 inches from surface) was collected using a pre-sterilized stainless steel spade. Samples were immediately removed from direct sunlight and refrigerated (-20°C) within 24 h. Standard microbiological protocols were observed in storing, isolating, and evaluating the phenotypic characteristics of viable culturable bacteria (VCB). Briefly, standard plate count was performed by suspending about 1-g soil sample into synthetic broth, serially diluted (10 fold), and aliquots (100 ll) plated in duplicate onto R2A (Reasoner's 2 agar) and trypticase soy agar (TSA). R2A was prepared by mixing (g/L) the following: proteose peptone, casamino acids, yeast extract, dextrose, soluble starch, 0.6 g dipotassium phosphate, 0.1 g magnesium sulfate heptahydrate, 0.6 g sodium pyruvate, and 15 g agar, pH 7.2 at RTP. Plates were incubated at 25-30°C for 24-48 h then evaluated. All media were sterilized at 121°C for 15 min and stored at refrigeration temperature until used. Chemicals were ascertained from Fisher Scientific (New Jersey, USA). In addition, the genetic diversity (H, Shannon-Wiener indices) and evenness (E H ) of all soil samples were determined according to the following equations.
where P i is the ratio between the number in a specific group (N i ) and the total number (N), S is the total number of morphotypes in a specific soil/medium. Representative isolates were randomly collected from each plate, subcultured on respective media (R2A, TSA), incubated at 25-30°C, and further evaluated using a Voyager DE-STR MALDI-TOF MS (Applied Biosystems, Japan). The Shannon-Wiener diversity index (SWDI) is quantitative and reflects the different types (such as species) there are in a data set. Furthermore, the index concurrently evaluates how evenly the basic entities are distributed among those types and increases both when the number of types increases and when evenness increases. In addition, the similarity between sample communities was evaluated using Jaccard's coefficient (Sj) (Eq. 3):
where 'a' represents a joint occurrence of species in two samples 'a' and 'b'; and 'b,' the number of species in sample 'b,' but not sample 'a'; and 'c' represents the number of species in sample 'a,' but not sample 'b.' Phylogenetic relationships were ascertained as outline elsewhere (Dereeper et al. 2008 ).
Molecular analysis
The 16S rRNA sequencing was performed with the primers (forward) AGAGTTTGATCCTGGCTCAG, (reverse) ACGGCTACCTTGTTACGACTT and the following parameters: denaturation at 95°C for 5 min followed by 35 cycles of denaturation at 95°C for 45 s, annealing at 51°C for 45 s, extension at 72°C for 2 min, and a final extension at 72°C for 10 min (Genewiz Ò Inc., South Plainfield, NJ, USA). 16S rRNA gene sequences were then compared with those in Genbank (http://www.ncbi.nlm.nih.gov). Unique sequences were assigned accession numbers by NCBIBankIt (http://www.ncbi.nlm.nih.gov). CLUSTAL/ W2 multiple sequence alignment software (http:// www.ebi.ac.uk/Tools/msa/clustalw2) and phylogeny.fr (http://www.phylogeny.fr, Dereeper et al. 2008) were used to construct phylogenetic relationships among sequenced isolates. Phylogenetic relationships were presented as neighbor-joining bootstrap tree using Methanocaldococcus spp. as the out-group.
Maldi-TOF MS
About eleven type cultures were obtained from either the ATCC (American Type Culture Collection, Bethedsa, MD, USA) or previously characterized isolates (sequences deposited into Genbank) and used for the standardization of the protocol for MALDI-TOF MS. These include Enterobacter aerogenes (ATCC 35028), Escherichia coli 0157:H7, Salmonella typhimurium (ATCC 14028), Pseudomonas fluorescens (ATCC 13525), Enterococcus faecium (ATCC 51559), Streptomyces sp. JM3 (JN166713), and members from the genus Bacillus. Post-culturing, respective isolates were transferred directly to MALDI-TOF target and mixed with 1.0 ll matrix: a-cyano-4-hydroxycinnamic acid (CHCA) or 3,5-dimethoxy-4-hydroxycinnamic acid (Sinapinic acid), in trifluoroacetic acid: acetonitrile. The matrices and TFA were acquired from Aldrich Chemical Company (Milwaukee, WI, USA). Data were acquired with optimized protocol, which include reflector mode at 20 kV, grid voltage 94 % with 150 transients. Data analysis was performed with the Applied Biosystems Voyager DE System 4098 software. The reproducibility of the MALDI spectra was tested by running duplicate samples. Bovine serum albumin was used as a control.
Data ascertained by MALDI-TOF MS were evaluated by principal component analysis (PCA). The method is multivariate, recognizes patterns in large data sets, and determines the projection with the largest gross variance. Therefore, for this analysis, the matrix was defined as bacteria (samples) by row and m/z (variable) by column. Subsequently, a covariance matrix was generated from the data matrix, and an eigen-analysis performed on the covariance matrix. This resulted in a set of eigenvalues and eigenvectors. These variables are orthogonal and linearly independent to each other. The eigenvector associated with each eigenvalue represents the amount of variance for the data set. PCA was performed with IBM SPSS statistics 20 software (IBM Corp. NY, USA).
Characterization of biomarkers
Global proteins, insoluble and soluble protein digests, were extracted from lysed 18 to 48 h cultures based on a modified protocol found elsewhere (Liu et al. 2007 ). Briefly, bacterial pellets were collected, and a solution containing 10 % trifluoroacetic acid (TFA, Aldrich Milwaukee, WI, USA) in acetone and 2 % b-mercaptoethanol (Fisher Scientific, Pittsburg, PA, USA) added. Proteins were precipitated for 18 h at -20°C and precipitate collected by centrifuging at 5,000 g for 30 min, and washed thrice with 10 ml ice-cold acetone. Proteins were then concentrated (Savant, Global Medical Instrument, MN, USA) and frozen at -80°C until utilized for SDS-PAGE and peptide mass fingerprinting (PMF). A standard recipe was used for 12.5 % denaturing gel SDS-PAGE. Samples were added in a 5:1 ratio (sample: sample buffer) ,and the gel electrophoresized at 100 V for 2.5 h. High molecular protein standard (Sigma Chemical Company, St. Louis, Mo, USA) was used as the marker. Gels were stained with Comassie Brilliant Blue R-250 (Biorad, Hercules, CA, USA), and images obtained (Kodak Gel Logic Imaging System, Rochester, NY, USA).
A standard method was used for in-gel tryptic digest of SDS-PAGE-isolated proteins. Protein bands were dissected (1-2 mm) from gel and destained with a solution containing 20 mM ammonium hydrogen carbonate (NH 4 HCO 3 )/50 % acetonitrile (ACN) at RTP. Gel pieces were then shrunken by adding 50 ll acetonitrile for 15 min at RTP and residual ACN removed by speed vacuuming. Gel pieces were washed, vortexed for 30 min (10 min interval) with 200 ll solution containing 50 % ACN and 50 mM NH 4 HCO 3 . About 200 ll ACN was then added, and pieces incubated for 5 min at RTP, and ACN removed as before. Dried gel pieces were reduced and alkylated using 100 ll, 10 mM DTT (Sigma, St. Louis, MO, USA) in 50 mM NH 4 HCO 3 (1 h, 56°C), and 55 mM iodacetamide (Sigma-Aldrich, St. Louis, MO, USA) in 50 mM NH 4 HCO 3 (RTP, 45 min, dark), respectively. Protein was digested using 10 ll of 100 ng/ll trypsin (Promega, Madison, WI, USA) for 18-24 h at 37°C and peptides concentrated using C18 Zip Tip TM (Millipore, Billerica, MA, USA) according to manufacturer and analyzed using MALDI-TOF MS. Briefly, purified peptides were mixed with a-cyano-4-hydroxycinnamic acid (10 mg/ml 50 % acetonitrile/1 % TFA) in a 2:5 ll ratio and 1 ll applied to target, allowed to dry freely, and data acquired as mentioned before. Peptide maps were generated using MASCOT/Swissprot peptide mass fingerprint software (http://www.matrixscience.com). The parameters include database, Swissprot; peptide tolerance ±1.2 Da; mass values, MH ? , and monoisotopic. Furthermore, peptides were compared against NCBI Blastp with Delta-Blast (Domain Enhanced Lookup Time Accelerated BLAST) algorithm (http://www.ncbi.nlm.nih.gov/blast). Peptides with indicated conserved domains were further compared against NCBI's conserved domain database (CDD v3.11-45746 PSSMs) with expect value (E) threshold of 1.0 9 10 -4 , (http://www. ncbi.nlm.nih.gov/Structure/cdd). E values in the range of C1 were considered putative false-positives (Marchler-Bauer et al. 2011 ).
Results

Phenotypic and molecular characterization
Bacterial load (cfu/g soil), as determined by standard plate count, ranged from 10 1 to 10 7 with highest proportions on medium R2A (Table 1) for N. Mali (p \ 0.05). Diversity (H, Shannon-Wiener), calculated based on phenotypes and 16S rRNA sequencing, identified N. Mali and Niger River (Mali) as containing the most diverse/even bacterial populations respectively (Table 1 ; Fig. 2) . Furthermore, bacterial similarity among all locations, evaluated using Jaccard's coefficient, identified Jamaica and N. Nigeria as the two most similar locations (Sj, 0.38), whereas only very low to no similarity was observed for all other locations (Sj, 0.0 to\0.38). In addition, the acidic soil (pH 6 ± 0.02) sample from Morocco had the lowest cfu/g soil and diversity. However, the most basic soil (pH 8 ± 0.02) from Niger River had the highest cfu/g soil, diversity, and evenness. Nevertheless, a plot of the percentage change in cfu/g versus geographical location indicates a distinct east to west trend of decreasing distribution (Sudan, Nigeria, Mali) and a reverse trend, that is, an increasing percentage change from the west to North America. A significant difference between the average cfu/g soil on media R2A (5.6 9 10 6 /3.4 9 10 5 ) and TSA (3.8 9 10 6 /1.9 9 10 5 ) was observed for desert/ non-desert locations, respectively. However, there was no significant difference between the average diversity (2.5/3.4) and evenness (0.35/0.5) for desert/non-desert locations, respectively. Molecular analysis, performed using 16S rRNA sequencing, identified nineteen bacterial genera across all soil samples (Fig. 1a, b) . The partial unique 16S rRNA sequences were submitted to the Genbank BankIt database under accession numbers: JX434166, JX434094, JX434114, JX434104, JX434130, JX43 4149, JX434148, JX434126, JX434129, JX434120, JX434143, JX434140, JX434160, JX434137, JX43 4116, JX434092, JX434139, and JX434164. Phylogenetic analysis of all viable culturable bacteria indicated the following groups ( Fig. 3) : Gram-negative bacilli which include Pseudomonas (3 %), Pontibacter (2 %), Microvirga (1 %); Gram-negative cocci, Paracoccus (1 %); Gram-positive endosporeforming bacilli, Paenibacillus (8 %), Brevibacillus (7 %), Bacillus (58 %), Aneurinibacillus (2 %), Terribacillus (3 %); Gram-positive non-endospore-forming cocci, Janibacter (1 %), Staphylococcus (1 %), Rhodococcus (2 %); Microbacterium (3 %), Micrococcus (1 %), Kocuria (2 %), Arthrobacter (1 %), Rothia (1 %), Janibacter (1 %), Gordonia (1 %), and Streptomyces (1 %). Staphylococcus sp. NRT5 was removed from the phylogenic tree since it did not fit into an appropriate group. Methanocaldococcus spp. was used as an out-group, and the data were presented as neighborjoining bootstrap tree (1,000 bootstraps). Isolates were cultured at 25-30°C for 18-24 h prior to sequencing. Identities of isolates are based on sequence similarity (C98 %) using NCBI Blast.
In addition, a similarity of 60-100 % was established among isolates using ClustalW2 multiple sequence analysis software. However, only some members from the genera Bacillus, Terribacillus, Paenibacillus, and Brevibacillus had C99-100 % similarity and were common among several regions. For example, Bacillus sp. BMT3 ([98 % similar to B. subtilis in NCBI BLAST) and BMT8 (B. aerophilus) isolated from Baltimore were between 99 and 100 % similar to isolates from Sudan, N. Mali, Morocco, N. Nigeria, Jamaica. Likewise, Bacillus sp. NMXR2 (Bacillus litoralis) and Bacillus sp. NMXR5 (B. luciferensis) from N. Mexico were 99 % similar to isolates from Washington, DC and W. Jamaica. Furthermore, Brevibacillus sp. HDR1 (B. formosus) from Washington, DC was 99 % similar to isolates from Baltimore and N. Mexico; Paenibacillus spp. 99 % similar to an isolate from N. Nigeria; Terribacillus sp. NMLT17 (T. saccharophilus) from N. Mali, 99 % similar to isolate from N. Mexico.
MALDI-TOF MS analysis
The mass spectra generated from the analysis of viable culturable isolates exhibited a complex mixture of discrete ions between 2,000 and 10,000 m/z ( Fig. 3 ; Table 2 ). Most spectra were easily distinguishable by visual inspection and illustrate evidence of common and unique protein biomarkers. For example, the environmental isolate B. subtilis had unique biomarkers at m/z 6,949 (73 %) and 9,171 (60 %). Similarly, unique biomarkers were shown for B. thuringiensis at m/z 4,809 (100 %), 5,047, 5,919 (83 %); B. aerophilus, 6,778 (75 %); B. acideceler, 9,437 (100 %); B. Three dimensions in the component space accounted for 74.55 % of the variance. Observation of the correlation matrix indicates a weak association among variables tested. The communalities, which represent the proportion of each variable's variance, indicated an initial value of 1.0. Nevertheless, the extraction, defined as the proportion of each variable's variance that can be explained by the principal components, indicated variables with high values (0.5-0.9). These values suggest that variables are well represented in the common factor space. Twelve components were identified from the analysis, albeit only three (components 1-3) accounted for the greatest variance. This is confirmed by the analysis of the scree plot-plot of eigenvalue against component number (figure not shown).
The component plot in rotated space (Fig. 5a ) clearly shows three groupings of variables associated with each major component: 1-5, 6-8, and 9-12. Fig. 2 Characterization of nineteen genera of bacteria across nine soil samples based on 16S rRNA sequencing. a Diversity (H) and evenness (E H ) of bacteria, ascertained using the Shannon-Wiener diversity index under varying pH; arrangement of sample location is based on easternmost to westernmost direction and b percentage of bacteria genera/g soil based on location. Isolates were cultured at 25-30°C for 18-24 h prior to sequencing. Identities of isolates are based on sequence similarity (C98 %) using NCBI Blast 2; 9-12 (0.718, 0.779, 0.737, .652) with component 1; and 6-8 with component 3 (-0.581, -0.717, -0.467). Two major clusters were identifiable from the PCA for the evaluation of biomarkers (m/z) desorbed from whole cells during MALDI-TOF MS (Fig. 5b) ; these include Brevibacillus (represented by 'n') and Bacillus subtilis ('c'); B. megaterium ('f'); Bacillus thuringiensis ('g'), Terribacillus ('x'), and Paenibacillus ('u'). There appears to be an association between some bacteria and multiple sample locations (Fig. 5c ). For example, the clustering to the upper right consists of Paenibacillus spp. from N. Mali, Sudan and Baltimore; similarly, B. subtilis was distributed among Sudan, Niger River, Baltimore, Washington, DC, and Nigeria.
Characterization of biomarkers
In-gel tryptic digest/peptide mass fingerprinting
The representative SDS-PAGE (15 %) profile for whole cell proteins precipitated from various Bacillus spp. is shown in Fig. 6a . The apparent molecular weights (M w ), occurred between 15 and 115 kDa for representative isolates. Partial peptide maps (Fig. 6b, c) were produced using Expasy, MASCOT peptide mass fingerprint software (http://www. matrixscience.com). Therefore, a protein from isolate Brevibacillus sp. BMT11 was similar to hemagglutinin (HA), and another from Bacillus sp. BMT3 to filamentous hemagglutinin (FHA) with protein scores of 50/70 (22 % coverage) and 52/70 (8 % coverage), respectively (Table 3a) . Similarly, the spectrum for the control, myosin (not shown), ranged from m/z 714 to 5,600 and illustrates well-resolved peptides with varying masses. Only one protein had a significant score (p \ 0.05) of 70/70 (33 % coverage) and was identified as ATP synthase subunit beta. Protein scores were automatically determined by MASCOT software using -10*Log (P), where p is the probability that the observed match is a random event. Protein scores greater than or equal to maximum score are considered significant (p \ 0.05). ,350, 7,370, 7,338 6,423, 5,900, 5,041, 6,721, 8,356, 10 406, 4, 378, 7, 794, 7, 134, 7, 284, 8, 690, 7, 305, 8, 209, 8, 425, 8, 797, 7, 494, 9, 087 533, 3, 194, 4, 106, 6, 256, 7, 564, 8, 008, 9, 884, 10, 386, 6, 220, 6, 844 Bacillus aerophilus The peptides identified for Brevibacillus sp. BMT11 (B2), searched against NCBI Delta-Blast, indicated a 57 % similarity with hemagglutinin with possibly conserved domains. Furthermore, NCBI's conserved domain database (CDD) indicated a similarity between the quried and the haemagglutinin superfamily member with accession number cl10565, e value of 6.80e
-44 (Table 3b) . Similarly, a NCBI Delta-Blast and CDD search of the partial peptides for Brevibacillus sp. BMT11 (B1) identified the peptides as belonging to the ATP synthase F1 beta subunit (e value, 4.01e -54 , threshold 1 9 10 -4 ) with conserved sequences for the ATP binding site, Walker B motif, and regions belonging to the RecA-like NTPases superfamily with e value 4.01e -54 .
Discussion
In the current study, nineteen genera of bacteria were identified and characterized across nine soil samples, from several countries in northern Africa and the Americas, using MALDI-TOF MS and 16S rRNA sequencing. The observed difference (p \ 0.05) between the mean bacterial load (cfu/g soil) for the media utilized (R2A and TSA) arose due to R2A's nutrient limitation, which supports the recovery of stressed bacteria and minimizes the growth of isolates with shorter generation times. Although higher bacterial loads were shown in samples from N. Mali (10 7 ) and the Niger River (Mali) (10 5 ), these concentrations may represent \1 % of the total viable culturable microbiota in any soil (González-Toril et al. 2009; Prospero et al. 2005) . Thus, culturing, while significant, inadvertently restricts the composition and number of microbes that could be detected. The evaluation of bacterial diversity (H) and evenness (E H ) across all samples using Shannon-Wiener diversity index illustrates that either the usage of morphotypes or 16S rRNA sequencing could derive an estimation of these indices. Thus, Niger and Morocco contained the most and least diverse bacterial populations, respectively. Furthermore, (H, p \ 0.05) value was shown for Mali (Niger River), N. Mali, and N. Mexico when compared to other regions. All other communities had similar evenness and were dominated by the genus Bacillus. Further evaluation of the similarity between communities (sample locations) using Jaccard's coefficient identified the two most similar communities as Jamaica and N. Nigeria (Sj, 0.38), even though these locations have very dissimilar climates. Thus, W. Jamaica is tropical, loamy soil (pH 7.6 ± 0.02 and N. Nigeria, arid, sandy-clayey soil pH 7). The computed values (Sj) for other communities were B0.38 C0.0, where a value of 1.0 and 0.0 reflects maximum and no similarities, respectively, between two communities. Fig. 4 Representative MALDI-TOF mass spectrum of Bacillus thuringiensis post-18-h incubation (initial sampling) at 30°C. Data were ascertained at 20 kV, 150 transients with 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid), and 10 mg/ml 0.1 % TFA/ACN as the matrix. Comparison of common peaks observed for environmental and type isolates at both 18 h and 330 days: peak identified at only 18 h (*); peak identified at both 18 h and 330 days (**)
Since it was unlikely to molecularly tag bacteria in soil sources and follow their distribution from Sudan through Mali, W. Jamaica, N. Mexico, Baltimore, and Washington, DC, pair-wise sequence alignment of 16S rRNA gene sequences identified the genera Bacillus, Brevibacillus, Paenibacillus, and Terribacillus as those most similar among locations evaluated. This observation is significant since, to our knowledge, no previous study has established such among the locations investigated. Likewise, this confirms that similarity of these genera among locations did not result from background contamination and might be similar to, but not governed by, postulates outlined elsewhere since soil and air (dust) samples are two different environments (Virginia et al. 2003) . Analysis of total ozone mapping spectrometer (TOMS) satellite images suggest that Mali is a source area for dust traveling westward (Prospero 1999; Prospero et al. 2005; Gillies and Nickling 1996) , and our data suggest that regions as far east as Sudan (or mineral dust source regions possessing similar microbial loads) may also be potential source regions even if they are not associated with the heaviest dust. Many studies have indicated northern transfers of Saharan dust into Europe, and Asian dust (Gobi desert) into Washington State (KeYi 2010). The migratory genera identified in our study are similar to previous studies, wherein air samples collected in Barbados from dust events occurring in 1812 identified the genera Brevibacillus, Bacillus, and Paenibacillus (Gorbushina et al. 2007; Kellogg et al. 2004 ).
Other reports have identified between 5-27 % pathogens (animal, plant, opportunistic human) in air samples collected from Mali, air samples, which identified 96 % Gram-positive, spore formers, Bacillus spp., 38 % and include Kocuria, Staphylococcus aureus, Gordonia, Microbacterium, Micrococcus, Paenibacillus, Paracoccus, Rhodococcusi (Kellogg et al. 2004) . Similarly, our samples from Mali (Niger River and N. Mali) identified the genera Bacillus, Staphylococcus, Microbacterium, Streptomyces, Micrococcus, Pontibacter, Pseudomonas, Paracoccus, Kocuria; Paenibacillus; Brevibacillus, Gordonia; Nigeria-Kocuria, Staphylococcus, and Stenotrophomonas maltophilia with the prevalent bacteria species of novel phylotypes was Bacillus fusiformis (Pasteur et al. 2002) . We identified Bacillus and Paenibacillus in the samples from N. Nigeria. Similar locations which were previously evaluated by others include St. Thomas, US Virgin Island. Bacillus spp., Arthrobacter spp., Kocuria spp. Microbacterium spp., Paracoccus spp., Pseudomonas spp., Streptomyces spp. among other bacteria not identified in our current study ; Chad, the following genera among others from sand and dust samples: Streptomyces, Nocardia, Micrococcus, Microbacterium, Pseudomonas, Bacillus, Staphylococcus, Stereptococcus, Lactobacillus, Paenibacillus, and Alcaligenes (Favet et al. 2013) . Therefore, the higher proportions of these endospore formers in air reflect conditions at the source, soil (pH, low nutrients) and are consistent with our findings. For example, the soil sample from Morocco was shown to have pH at 6 ± 0.02, the lowest diversity, evenness, and 100 % endospore-forming bacteria. Generally, higher cfu/g, diversity, and evenness were associated with near neutral to slightly alkaline pH (7-7.3 ± 0.02) for other locations. Table 3a for summary The identification of bacteria previously implicated in various diseases is significant, for example, Staphylococcus sp. NRT5 (similar to S. xylosus KL 162, from NCBI blast), an isolate from Niger, was previously implicated as the causative agent for septicemia in a loggerhead turtle (C. caretta) off the Canary Islands (Torrent et al. 2004) , other opportunistic infections in animals (Fthenakisi et al. 1994 ) and humans (Tselenis-Kotsowilis et al. 1982) . Nevertheless, the identification of these genera and their associated chemotaxonomic signatures (genera specific protein markers) are valuable tools for rapid identification and could be used for the development of specific assays and database development. Therefore, environmental isolates such as B. subtilis had unique m/z at 6,949 ( 517, 6,532, 7,574 (67 %) . The ions at m/z 7,370 and 7,400 were common to all members of the type genus Bacillus except B. subtilis and were similar to previous observations (Krishnamurthy et al. 1996) .
Although a qualitative association among isolates can be ascertained by visually analyzing the fingerprints (m/z) from MALDI-TOF spectra, this may be timeconsuming for large data sets; therefore, PCA was used to determine any association among isolates. Three eigenvalues were extracted from the scree plot with an extraction sum of squared loading (% variance) of 74.6 %, and with a Kaiser-Meyer-Olkin measure of sample adequacy value of 0.68 is the suggested minimum. The Bartlett's test of sphericity was utilized to test the null hypothesis that the correlation matrix is an identity matrix. Since the significance was [0.05, the null hypothesis was rejected. Taken together, these tests provide a minimum standard, which should be passed before a principal component analysis is conducted. Several associations were obvious for the distribution 348 ----------GWYGFRHQNAQGTGYAADLKS 368
a Protein score is -10*Log(P), where P is the probability that the observed match is a random event. Protein scores greater than or equal to maximum score are considered significant (p \ 0.05). ; red color indicates matched amino acids and blue and black no matches; lcl (local_KTITNDQIEV) represents sample queried, and Cdd:pfam0059, the closes matched protein in CD database among genera and their distribution among locations and may indicate the transference of bacteria among locations. This further confirms the relevance of utilizing PCA for the evaluation of large data sets. However, the distribution suggests that clusters are based on some other factor, which is not shared among isolates from specific genera, but by other factor(s), which is/are common to isolates (same genus/species) from differing locations.
In addition, the presumptive identification of partial peptide maps for several potential virulent factors is significant. These include hemagglutinin (HA) from Brevibacillus sp. BMT11, which could be associated with respiratory infections. These peptides were suggested by NCBI's conserved domain database (CDD) as having conserved domains belonging to the haemagglutinin superfamily and were similar to the member with accession number cl10565. Other potential virulence factors suggested by MASCOT include phosphoglucosamine mutase for the formation of peptidoglycan precursors and was previously shown to contribute to the resistance of Streptococcus gordonii DL1 to polymorphonuclear leukocyte killing (Yajima et al. 2009 ); Mycobacterium spp. have been shown to produce structurally related phenolic glycolipid (PGL) antigens and glycosylated p-hydroxybenzoic acid methyl esters (p-HBAD), which are important virulence factors (Pérez et al. 2004) ; the siderophore, achromobactin, an important virulence factor of Erwinia chrysanthemi strain 3,937 is associated with soft rot disease in a variety of plants (Franza et al. 2005) . Potential pathogenic bacteria may have acquired pathogenic genes through horizontal gene transfer and may be significant for understanding prey-predator relationships in non-infective natural ecosystems (Martinez 2013) . Furthermore, of the peptide set evaluated by MASCOT, only one had a significant score (p \ 0.05) with 70/70, 33 % coverage, and was identified as ATP synthase subunit beta. The known conservation ATP synthase was confirmed by the CCD, which identified conserved sequences for the ATP binding site, Walker B motif, and similarity to the RECA-like NTPases superfamily and multidomains consisting of atpD. ATP synthase has been shown to influence biofilm resistance to host defenses, particularly during inflammation (Paino et al. 2011) . The presumptive protein, filamentous hemagglutinin (FHA), isolated from a Bacillus sp. BMT3, had 15 matched peptides, but only 8 % coverage (p [ 0.05) with no significant matches in the CCD. The presence of these presumptive virulent factors could have significant implications for the health (upper respiratory tract infections) of individuals. The isolate was 99 % similar to Bacillus spp. from Jamaica and N. Nigeria, and 100 % similar to other Bacillus spp. from Sudan and N. Mali. However, there is need for us to confirm these and other virulent factors highlighted in this study. Significant protein scores (partial peptides) were assessed by the Mascot database. Matched peptides with sequence coverage of C15 % and minimum of five matches were considered good (unambiguous) presumptive matches (Mann et al. 2001) .
The current study represents the first published report to evaluate the diversity, establish the possible transfer of several genera of viable culturable bacteria (VCB) among the aforementioned regions, and elucidate some of their chemotaxonomic signatures. Although the evaluation of soil microbial diversity has limitations arising from taxonomy and methodology, the data suggest that the combination of MALDI-TOF MS and 16SrRNA sequencing may constitute a powerful tool to distinguish among VCBs from environmental sources. Furthermore, since the timeto-result is minimal and unique and/or common biomarkers can be rapidly identified, MALDI-TOF MS is an ideal support tool for characterizing microorganisms in the field, monitoring of environmental contaminations, and other potential hazards.
